Objective: Obesity is a metabolic disorder resulting from imbalance between metabolizable energy intake and energy expenditure. It is known to be a strong risk factor for lifestyle-related diseases. Here, we investigated the effects of long-term intake of tea catechins (Cat) in combination with regular exercise (Ex) on the development of obesity in C57BL/6 mice. Design: We compared body weight, adipose tissue mass, plasma parameters and b-oxidation activity in mice fed a low-fat diet (5% triglyceride (TG); LF), a high-fat diet (30% TG; HF), a HF diet supplemented with 0.5% (w/w) tea Cat, a HF diet in addition to swimming Ex or a HF diet plus 0.5% tea Cat in addition to swimming Ex (Cat þ Ex) for 15 weeks. Oxygen consumption and respiratory quotients were measured using indirect calorimetry. Results: Tea-Cat intake in combination with swimming Ex suppressed HF diet-induced body-weight gain by 18 and 22%, respectively, compared to Ex and tea-Cat intake on their own. Visceral fat accumulation and the development of hyperinsulinemia and hyperleptinemia were also reduced in the HF þ Cat þ Ex group. Muscular b-oxidation activity in this group was 69 and 52% higher, respectively, than that in the HF and HF þ Cat groups. Lipid oxidation, determined using indirect calorimetry, was higher in the HF þ Cat þ Ex group, suggesting increased lipid utilization at the individual level. Conclusion: These results indicate that intake of tea Cat, together with regular Ex helps to reduce diet-induced obesity. This effect might be attributed, at least in part, to the activation of whole-body energy metabolism.
Introduction
Obesity is a metabolic disorder resulting from imbalance between metabolizable energy intake and expenditure. It is known to be a strong risk factor for lifestyle-related diseases, including diabetes, hypertension, and atherosclerosis. [1] [2] [3] The prevalence of obesity is increasing globally, and environmental and behavioral factors are believed to be primary causes of this phenomenon. As the body has a limited ability to oxidize excess lipids, and a high-fat (HF) intake contributes to the development of obesity in both humans and rodents, numerous studies on the nutritional application of various lipids have been conducted with the aim of managing obesity. [4] [5] [6] [7] Exercise (Ex) is another important factor in the prevention of obesity. 8 It reduces body weight by increasing energy expenditure and subsequently has the potential to increase basal fat oxidation from dietary intake or bodily reserves when energy intake fails to match elevated levels of expenditure. In addition, Ex increases insulin sensitivity in skeletal muscle, lowers blood glucose levels and reduces several risk factors for cardiovascular diseases. 9, 10 These effects are the result of the activation of AMP-activated protein kinase and the regulation of some energy metabolism-related molecules. 11, 12 Therefore, regular Ex is strongly encouraged in order to prevent obesity, and is likely to be most effective for weight control when combined with improvements in eating habits. A series of polyphenols known as catechins (Cat), which consist mainly of epigallocatechin gallate, epicatechin gallate and gallocatechin gallate, are abundant in green tea and cacao, and are consumed worldwide. Cat have been reported to have a variety of properties, including antibacterial 13 and anticarcinogenic activity, 14 in addition to their antidiabetic 15 and antiatherogenic effects. 16, 17 Consequently, there is growing interest in the use of Cat for the treatment and prevention of human diseases. We have been studying the antiobesity effects of tea Cat in humans and rodents. 18, 19 We previously demonstrated that long-term intake of tea Cat is beneficial in reducing HF diet-induced obesity, and that this effect might be attributed, at least in part, to the activation of lipid metabolism in the liver. 18 Although there have been many investigations of the beneficial effects of both Ex and some food components, little is known about their combined effects on the development of obesity. In the present study, we examine the effect of dietary tea Cat in combination with regular swimming Ex on the development of obesity in the C57BL/6 mouse, which can be used as a model of diet-induced obesity. 20 
Methods

Tea Catechins
Tea Cat were prepared and analyzed as described previously. 19 In brief, green tea leaves (Camellia sinensis) were extracted with hot water and the extract was reduced to a powder using the spray-dry method. The extract was then dissolved in hot water, and mixed with an equal volume of chloroform. The aqueous phase was recovered with three volumes of ethanol, and freeze-dried after removing the solvent. In this preparation, the total Cat content was 81%.
The composition of isolated tea Cat, as measured by highperformance liquid chromatography (HPLC), was as follows: epigallocatechin gallate (41%), epigallocatechin (23%), epicatechin gallate (12%), epicatechin (9%), gallocatechin (7%), gallocatechin gallate (4%) and others (4%). The caffeine content was 0.1%.
Animals and diets
Male C57BL/6 mice obtained from Japan Clea (Tokyo, Japan) at 6 weeks of age were maintained at 23721C under a 12-h light-dark cycle (lights on from 0700 to 1900). The mice were fed laboratory chow (CE-2, Clea, Japan) for 1 week to stabilize their metabolic condition. Two experiments were conducted to examine the longand short-term effects of tea-Cat intake in combination with Ex. In experiment 1, we examined the effect of these parameters on the development of obesity. In experiment 2, we determined the energy metabolism of the mice, to elucidate any early metabolic changes. Both experiments used five groups of mice (n ¼ 10 per group; five mice/cage), which were allowed ad libitum access to water and one of the following synthetic diets: a low-fat (LF) diet containing 5% (w/w) fat, 20% casein, 66.5% potato starch, 4% cellulose, 3.5% vitamins and 1% minerals (LF group); a HF diet containing 30% fat, 20% casein, 28.5% potato starch, 13% sucrose, 4% cellulose, 3.5% vitamins and 1% minerals, with or without Ex (HF and HF þ Ex groups); or a tea Cat diet, consisting of the HF diet supplemented with 0.5% tea Cat, with or without Ex (HF þ Cat and HF þ Cat þ Ex groups).
Experiment 1: The animals were maintained on their respective diets for 15 weeks. In order to evaluate the effect of tea-Cat intake and Ex on HF diet-induced obesity accurately, we monitored the food intake among the HF diet groups (HF, HF þ Ex, HF þ Cat and HF þ Cat þ Ex groups) closely, and adjusted the provision of food accordingly. The quantity of food consumed by mice was determined every 2 days on a per cage basis, and based on these data, the amount of feed provided to each cage was fixed at 110% of the amount of least consumed diet among all groups.
Experiment 2: The mice were maintained on their respective diets for 4 weeks, after which period oxygen consumption and the respiratory quotients (RQs) were measured as described below.
In both Experiments 1 and 2, the 'exercise' groups of mice (the HF þ Ex and HF þ Cat þ Ex groups) were exercised in a swimming pool three times a week, as described below. On the final day of Experiment 2, all mice were sacrificed, and the livers and gastrocnemius muscles were dissected immediately in order to conduct b-oxidation assays.
Swimming Ex
An adjustable-current water pool was used to conduct swimming Ex, as reported previously. [21] [22] [23] Briefly, we used an acrylic pool (length Â width Â depth: 90 Â 45 Â 45 cm 3 ) filled with water to a depth of 38 cm. The current in the pool was generated by a pump (type C-P60H; Hitachi, Tokyo, Japan), and the strength was adjusted using a valve. The current speed at the surface was measured with a digital current meter (model SV-101-25S; Sankou, Tokyo, Japan) at the start of every swimming session and was maintained at a constant speed. The water was maintained at a temperature of 341C using an electric heater.
In the preliminary training sessions, the mice were made to swim for 30 min at a 5 l/min flow rate three times a week, in order to accustom them to this activity. During the experimental period, the mice were made to swim for 30 min at a 6 l/min flow rate three times a week.
Fat pad and muscle weights
On the last day of Experiment 1, the mice were killed and the weights of three fat pads (retroperitoneal, epididymal and perirenal fat) and three muscles (gastrocnemius, soleus and plantaris) were determined. Each tissue was dissected using defined anatomical landmarks.
Blood analysis
On the last day of Experiment 1, blood was collected from mice under anesthesia in the nonfasting condition via the postcaval vein. Plasma triglyceride (TG), nonesterified fatty acids (NEFA) and glucose concentrations were determined using L-Type Wako TG-H, NEFA-HA Test Wako and L-Type Wako Glu2 assay kits (Wako, Osaka, Japan), respectively. Plasma insulin and leptin levels were measured using mouse insulin and leptin enzyme immunoassay (EIA) kits (Morinaga, Yokohama, Japan), respectively, according to the manufacturer's instructions.
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Indirect calorimetry
Energy-metabolism studies were conducted during the last week of Experiment 2 using individual open-circuit indirect calorimeters (Oxymax; Columbus Instruments, Columbus, OH). Each mouse was placed in a chamber at 1500 and O 2 consumption and CO 2 production were measured for 12 h (1900-0700). Each chamber was sampled once every 18 min during which time the mice had ad libitum access to a HF diet. RQs were calculated by dividing the CO 2 production by the O 2 consumption. Lipid and carbohydrate oxidation were calculated using the equations of Frayn. 24 These were modified to exclude the contribution of protein as an energy substrate, since this is usually constant and small.
25,26
Fatty acid b-oxidation activity Fatty acid b-oxidation activity was measured as described previously, with minor modifications. 6, 27 Frozen mouse livers and gastrocnemius muscles from Experiments 1 and 2 were thawed and homogenized on ice with a polytron homogenizer (Microtech, Chiba, Japan) in 250 mM sucrose containing 1 mM EDTA and 10 mM HEPES (pH 7.2), and then centrifuged at 600 g for 5 min. The resulting supernatants were used in the assays. The reaction mixtures contained 50 mM Tris-HCl (pH 8.0), 40 mM NaCl, 2 mM KCl, 2 mM
C]-palmitic acid and extract containing 10 mg (liver) or 50 mg (muscle) protein, in a final volume of 200 ml. The reactions were initiated by adding substrate and the assays were incubated at 371C for 20 min. All the reactions were terminated by adding 200 ml of 0.6 N perchloric acid followed by centrifugation. Supernatants were extracted three times with 1 ml n-hexane to remove residual [1- 14 C]-palmitic acid, and the radioactivity of the aqueous phase was measured using a Packard liquid-scintillation counter 2550TR/LL.
Statistical analysis
All values are presented as the mean7standard error (s.e.). Statistical comparisons between groups were made by analysis of variance (ANOVA) and each group was compared with the others using Fisher's protected least significant difference (PLSD) test (StatView: SAS Institute Inc., NC). A P (probability) value of o0.05 was defined as being statistically significant.
Results
Body weight and body-fat accumulation
The body weight of each group is shown in Figure 1 . Consistent with previous reports, 6, 18, 20 consumption of the HF diet resulted in a marked increase in body weight compared with mice fed the LF diet. In addition, the bodyweight gain induced by the HF diet (HF group) was reduced by 18% in the HF þ Cat group. Regular swimming Ex also reduced the body weight increase by 14%, and the combination of swimming Ex and tea Cat decreased the HF diet-induced body-weight gain by 33%. The body-weight gain in mice fed tea Cat and given Ex (HF þ Cat þ Ex group) was significantly lower than that in mice receiving either Ex or tea Cat alone (HF þ Ex and HF þ cat groups). The effect of each treatment became statistically significant after 5 weeks in the HF þ Cat group and after 2 weeks in the HF þ Ex group and the HF þ Cat þ Ex group. To examine the effects of tea Cat on visceral fat and skeletal muscle mass, we measured the distribution of these tissues. After consuming the HF diet for 15 weeks the weight of the fat pads had significantly increased in the HF group. As was the case for body-weight gain, supplementation with tea Cat (HF þ Cat group) or regular Ex (HF þ Ex group) reduced body-fat accumulation (Table 1) . Furthermore, the combination of tea Cat and Ex (HF þ Cat þ Ex group) had an even greater effect. These results indicate that tea-Cat intake in combination with regular Ex is beneficial for counteracting diet-induced obesity. The gastrocnemius muscle weight was slightly, but significantly, higher in the HF group, suggesting that TG accumulation is increased by consumption of the HF diet. No such increase was observed in the HF þ Cat, HF þ EX or HF þ Cat þ Ex groups. No significant change was detected in the plantaris or soleus muscle weights of mice in any of the groups.
Blood analysis
Plasma insulin and leptin levels were 5.3-and 4.4-fold higher, respectively, in the HF group than in the LF group (Table 2) , which suggested the development of hyperinsulinemia and hyperleptinemia. Plasma insulin and leptin concentrations were significantly reduced in mice receiving Obesity suppression and tea catechins T Murase et al both tea Cat and Ex (HF þ Cat þ Ex group). Plasma TGs and nonesterified fatty acids (NEFA) were also reduced by the consumption of tea Cat, Ex or a combination of the two (HF þ Ex and HF þ Cat þ Ex groups). Plasma glucose was elevated in the HF group and although tea-Cat consumption and Ex tended to decrease plasma glucose levels, these differences were not statistically significant.
Whole-body energy metabolism
In order to detect early metabolic changes, we examined the energy metabolism of the mice by monitoring oxygen consumption and RQs (Experiment 2). Compared with the HF control group, oxygen consumption in the tea catechin, Ex, and catechin plus Ex (HF þ Cat, HF þ Ex, and HF þ Cat þ Ex) groups was significantly increased, along with a trend towards lower RQs (Figure 2 ). Lipid oxidation was also higher in these groups, suggesting the increased utilization of lipids as an energy source in these mice.
Fatty acid b-oxidation activities in the liver and skeletal muscle
To clarify the mechanism underlying the effects of tea Cat, we examined fatty-acid b-oxidation activity in the liver and skeletal muscle. Significant differences were observed between the groups as early as 4 weeks into the experiment (Figure 3a, b) . Consistent with previous findings, 18 tea Cat increased hepatic b-oxidation activity by 68 and 40% compared with the LF and HF groups, respectively (Figure 3a) . Although tea Cat did not stimulate b-oxidation activity in skeletal muscle (Figure 3b ), regular Ex increased this activity in both the liver and skeletal muscle (Figure 3a , b). In addition, hepatic and muscular b-oxidation activities in mice receiving tea Cat plus Ex (HF þ Cat þ Ex group) increased by 50 and 25%, respectively, compared to mice fed the HF diet alone (HF group). Similar results were obtained after 15 weeks (Figure 3c, d ).
Discussion
Physical Ex is important in treating obesity because it is one of the factors that help long-term reduced weight maintenance. It is also associated with a reduced risk of developing lifestyle-related diseases, such as Type 2 diabetes and cardiovascular diseases. 2, 9 One mechanism underlying the positive effect of Ex on obesity might be its ability to increase energy expenditure, prompting an increase in fat oxidation from dietary intake or bodily reserves. 28, 29 Furthermore, Ex might be most effective in weight control when it is combined with improved eating habits. However, Obesity suppression and tea catechins T Murase et al little is known about the combined effects of Ex and food components, including tea Cat, on the development of obesity. In this study, we examined the effect of tea-Cat intake in combination with regular swimming Ex on the development of obesity in C57BL/6 mice. Our results indicate that the consumption of tea Cat and Ex are both beneficial in reducing diet-induced body-fat accumulation ( Figure 1 ; Table 1 ). Moreover, a combination of tea Cat and Ex had the most significant effects. Plasma leptin levels are known to increase as a result of a HF diet, and are recognized as markers of body-fat mass. 30 Plasma leptin levels were significantly higher in mice fed the HF diet than those in the LF diet group (Table 2) , pointing to the development of hyperleptinemia during the experimental period. However, the increase in plasma leptin concentrations was significantly reduced by the consumption of tea Cat or regular Ex. Hyperinsulinemia due to insulin resistance is another characteristic of HF diet-induced obesity, 31 and plasma insulin levels were markedly reduced by the consumption of tea Cat and Ex. Some previous reports have shown that high doses of EGCG suppress food intake 32 and increase fecal energy excretion. 33 However, the total food intake of every group on the HF diet in this study was similar (Table 1 ). In addition, the dose of tea Cat used in these experiments is not expected to have a significant effect on fat absorption, 18, 33 suggesting that the antiobesity effect of the tea Cat and Ex was not the result of decreased energy intake. Our results indicate that an increase in energy expenditure was the main cause of the reduced body-fat accumulation. Fat oxidation, as measured by calorimetry, was increased by the combination of tea-Cat consumption and Ex, indicating increased fat utilization at the individual level. The observed increase in whole-body energy expenditure and fat utilization might be explained, at least in part, by the increase in fatty-acid b-oxidation activity in the muscle and liver (Figure 3 ). In agreement with our previous findings, tea-Cat consumption increased b-oxidation activity in the liver, but not in muscle. In the Ex group, b-oxidation activity in the muscle was also enhanced, suggesting a contribution of hepatic and muscular lipid metabolism to the antiobesity effects of tea Cat combined with Ex. However, the level of b-oxidation activity in the liver and muscle of the combined treatment group was not obviously higher than in the individual treatment groups, suggesting that some other factor is involved in the increase of whole-body fat oxidation in the combined treatment group. 
Obesity suppression and tea catechins T Murase et al
We have also found that supplementation with tea Cat causes a transient increase of plasma fatty-acid concentrations after Ex. 23 Hence, repeated exposure to increased plasma fatty acids during Ex might produce adaptive changes that stimulate lipid catabolism. Catecholamines released from sympathetic nerves promote lipid mobilization and thermogenesis via b3-adrenoreceptors. 34, 35 In addition, the release of catecholamines increases during Ex. 36 Therefore, physical and pharmacological approaches leading to sympathetic activation have been recommended for the management of obesity. 37 As high doses of Cat are reported to inhibit catechol-Omethyltransferase (the enzyme that degrades catecholamines) in vitro, 38 they might prolong and augment the sympathetic stimulation of fat oxidation, especially in combination with Ex. In this context, tea Cat might influence lipid metabolism and energy expenditure during Ex, thereby affecting the energy balance and, hence, the development of obesity. However, the role of these catecholamine-mediated mechanisms requires further investigation. The stimulatory effect of tea Cat on lipid catabolism might result from increased gene transcription. In fact, we have shown previously that tea Cat induce transcriptional changes of molecules that are related to lipid metabolism in the liver. 18 Endurance Ex is reported to stimulate fattyacid oxidation by promoting peroxisome proliferator-activated receptor-g coactivator-1a (PGC-1a), fatty acid translocase (FAT)/CD36 and CPT-I mRNA expression, 12 and by posttranscriptional effects on AMP-activated protein kinase.
11,39
Therefore, it is possible that the combination of tea Cat and Ex stimulates lipid metabolism and energy expenditure by transcriptional and post-transcriptional mechanisms. In order to test whether Cat are ligands for PPAR-a and -d, which are transcription factors that regulate the expression of genes related to lipid metabolism, 40 we performed reporter assays using a chimeric GAL4 DNA-binding domain-PPAR ligand-binding domain receptor together with a reporter gene containing GAL4 binding sites. However, none of the Cat (catechin, epicatechin, gallocatechin, epigallocatechin, catechin gallate, epicatechin gallate, gallocatechin gallate and epigallocatechin gallate) had a significant effect on PPAR-a and -d-dependent luciferase activities (data not shown). As Cat are not thought to be direct ligands, or are only weak ligands, of PPAR-a and -d, the stimulation of Obesity suppression and tea catechins T Murase et al b-oxidation in mice fed tea Cat might not be due to a direct transcriptional effect of the PPARs -rather, some secondary mechanism might be involved. We previously demonstrated that long-term intake of tea Cat at 690 mg/day decreased visceral fat mass in humans. 19 Recently, Chantre et al. reported that green-tea extract was effective in body-weight reduction in humans. 41 In addition, Dulloo et al. 42 showed that intake of green-tea extract, which is abundant both in Cat and caffeine, increased 24-h energy expenditure and decreased RQ in humans. Therefore, a daily intake of green tea is predicted to reduce body fat, and this effect should be augmented by combination with regular Ex. We intend to conduct further studies to examine the clinical efficacy of tea Cat in combination with Ex in humans. In summary, we have shown that long-term intake of tea Cat together with regular Ex is beneficial in reducing HF dietinduced obesity, and that their effects might be attributed, at least in part, to the stimulation of whole-body energy metabolism. These results suggest that a sufficient intake of tea Cat in combination with Ex might prevent or reduce obesity by modulating lipid metabolism, and could potentially reduce the risk of associated diseases, including type 2 diabetes and coronary heart disease.
